Introduction
Organophosphates (OPs) are widely used as pesticides in agriculture because of their relatively low persistence and high insecticidal activity. 1, 2 However, the widespread use of pesticides has resulted in serious environmental pollution, even lead to food safety issues. [2] [3] [4] Organophosphorus pesticides exhibit high toxicity on human health even at very low levels; for example, the median lethal dose of parathion is less than 10 mg/kg. Hence, it is important to develop effective, low-cost and simple methods for detecting organophosphorus pesticides. 2 In recent years, considerable efforts have been devoted to develop electrochemical, 5-9 colorimetric [10] [11] [12] or fluorescence biosensors [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] based on AchE-enzyme-inhibition strategy for OPs detection, in which the OPs could inhibit the activity of acetylcholinesterase (AChE), and thus prevent hydrolysis reaction of acetylcholine to choline. [26] [27] [28] Among numerous analytical strategies, a fluorescence assay exhibits some advantages, such as high sensitivity and stability, as well as a fast response. Novel nanomaterials with unique chemical and physical properties have been widely employed to develop fluorescence assay for Ops, such as quantum dots (QDs), 16, 18, 21, 24, 25 nanocrystal, 17, 19, 20 graphene, 22 and metal organic frameworks. 23 Based on the AChE-inhibition strategy, Liu et al. 13 presented a sensitive rhodamine B-covered gold nanoparticle (AuNPs)-based assay with dual readouts for detecting OPs and carbamate pesticides. The fluorescent readout was a "signal-off" type assay based on released organic dyes by thiocholine through replacement; therefore, the detection limit of the fluorescent and naked eyes were identical (0.1 μg/L). Guo et al. 14 employed CdTe QDs instead of organic dyes to construct a fluorescent method for the detection of OPs using an inner filter effect (IFE) of AuNPs on CdTe QDs. However, IFE would occur effectively only if the emission spectrum of the donor and the absorption spectrum of the acceptor were completely overlapped, which could restrict the choice of a suitable fluorophore. 29 The poor overlap between AuNPs and CdTe QDs influenced the IFE, and they reported a detection limit of only 2 μg/kg. Based on the fluorescence resonance energy transfer (FRET) between upconversion nanoparticles and AuNPs, Long et al. 15 demonstrated another highly sensitive assay that could detect OPs at the ng/L level. The only defect was the slightly complicated synthesis process of the quantum dots and upconversion nanoparticles. However, in the last two studies, the nanoparticles were adsorbed on the surface of AuNPs via electrostatic interactions, resulting in the quenching of fluorescence. As we know, acetylthiocholine also contains positive charges that may interfere the electrostatic interaction between nanoparticles and AuNPs, and possiblely influence the fluorescent stability.
Recently, carbon dots (C-dots) as a new class of fluorescent nanoparticles, have attracted wide attention in many different fields.
The nitrogen-doped C-dots (NC-dots) are surrounded by N-H groups, which is convenient for continuous chemical modification that widens its range of application. 33, 35 Deng et al. 36 developed a novel nanosensor that was constructed by NC-dots and AuNPs to discriminate cysteine with multiple signals. Their results showed that the interactions between NC-dots and AuNPs were more efficient than that of the electrostatic interaction, and provided new strategies to design fluorescent biosensors for detecting OPs based on FRET.
In this work, we designed a novel FRET biosensor based on NC-dots/AuNPs nanoassembly for the highly sensitive detection of paraoxon, a commonly used type of OPs pesticide. The NC-dots with excellent fluorescence were prepared by a simple one-step microwave-assisted synthesis process. The effective assembly of the NC-dots "shell" on the surface of AuNPs through N-H groups resulted in good fluorescence quenching. AChE could catalyze the hydrolysis of acetylthiocholine to produce thiocholine, which is positively charged and bears an additional thiol group (-SH). Thiocholine can substitute the NC-dots and bind onto the surfaces of AuNPs, while inducing the aggregation of AuNPs and the fluorescence recovery of NC-dots simultaneously. In the presence of OPs, the activity of AChE is inhibited by pesticides, while preventing the generation of thiocholine, and thus fewer of NC-dots are replaced. As a consequence, the fluorescence intensity decreases gradually with the increasing amount of OPs. This biosensor does not require any complex synthesis or modification, and the results show a wide detection range from 10 -4 to 10 -9 g/L with a detection limit of 1.0 × 10 -9 g/L. Two linear response regions have been reported with a turning point at about 10 -6 g/L; three different factors that could influence the response behavior are discussed in detail to explain the special response mechanism.
Experimental

Reagents and chemicals
All chemicals were obtained from commercial suppliers, were of analytical grade, and used without any further purification. Acetylcholinesterase (AChE, from Electrophorus electricus), and acetylthiocholine iodide (ATI) were provided by SigmaAldrich (Shanghai, China). Paraoxon was obtained from agroenvironmental protection institution, of the ministry of agriculture (Tianjing China). Millipore Milli-Q ultrapure water (resistance>18 MΩ·cm -1 ) was used throughout the experiments.
Apparatus
The UV absorption spectra were recorded with a UV-2450 spectrophotometer (Shimadzu, Japan). Fluorescence spectra were recorded on an F-7000 fluorescence spectrophotometer (Hitachi, Japan). The Fourier transform infrared (FT-IR) spectra were measured on a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, US). Transmission electron microscopy (TEM) images were collect from a JEOL-1230 transmission electronic microscope (JEM-2010, Jeol, Japan). A dialysis bag (America Viskase) with a 500Da molecular weight cut-off was used to purify the NC-dots.
Preparation of NC-dots/AuNPs assemblies
The preparation of NC-dots/AuNPs assemblies is very simple. The NC-dots were prepared according to a report. 32 AuNPs were prepared by using citrate sodium as a reducing reagent. 37 Briefly, a stock solution of purified NC-dots (50 μL, 2.745 mg/L) was added into solutions of the as-prepared AuNPs (50 μL, 45 nmol/L), which were prepared in a 10 mM HEPES buffer (pH 7.4). The assembly process of the NC-dots on AuNPs could be completed within 10 min, and then the fluorescence spectra were measured.
Detection of pesticide
AChE (30 μL, 0.1 U/mL) was first mixed with various amounts of paraoxon (the final concentrations were 10 -4 to 10 -9 g/L), which were kept at 37 C for 20 min. ATI (15 μL, 1 mmol/L) and an as-prepared 100 μL NC-dots/AuNPs solution were introduced into the system, followed by the addition of a 40-μL 0.05 mol/L HEPES buffer solution (pH 7.4); the mixed solution was diluted to 300-μL with ultrapure water. The mixture was kept at 37 C for 10 min and the fluorescence emission spectra were recorded at an excitation wavelength of 360 nm. The slot widths for excitation was fixed at 2.5 nm and emission was fixed at 5 nm.
Results and Discussion
Characterizations of NC-dots
The NC-dots exhibited strong blue photoluminescence under the illumination of UV light at 365 nm. The UV-vis absorption and emission of the as-prepared NC-dots are given in Fig. 1 . The spectrum in the UV-vis absorption region exhibits an obvious absorption peak at around 360 nm, attributable to the n-π* transition, and another unconspicuous absorption band at 240 nm attributable to the π-π* transition. 32, 38 According to Fig. S1 , we can know that NC-dots exhibit a fluorescence emission band centred at 455 nm with the optimal excitation wavelength of 360 nm. The FT-IR of the NC-dots (Fig. S2 ) demonstrate that the NC-dots were surrounded by N-H groups.
Principle of pesticide detection base on NC-dots/AuNPs sensing system
The working principle of this biosensor is illustrated in Scheme 1. The NC-dots are mixed with AuNPs firstly to form the a NC-dots "shell" assembly on the surface of the AuNPs through the Au-N interaction. The fluorescence of the NC-dots/ AuNPs assembly is quenched as shown in Fig. 2 (curves a and  d) . In the absence of paraoxon, the active AChE will catalyze the hydrolysis of ATI into thiocholine, which is positively charged and bears an additional sulfydryl (-SH). Thiocholine can replace the NC-dots on the surface of AuNPs and trigger the aggregation of AuNPs, with the fluorescence emission of NCdots recovered (curve b) and a color change of the solution from red wine to black. The desorption of NC-dots is caused by competition between -SH and nitrogen-containing groups; thiocholine can bind more strongly onto surface of AuNPs than NC-dots. In the presence of paraoxon, the activity of AChE will be inhibited, and the amount of thiocholine generated will be insufficient, so the fluorescence recovery degree of the system is decreased (curve c). The fluorescence of the NC-dots will gradually be quenched with increasing the concentration of paraoxon, and thus making the fluorescence analysis of pesticides feasible. The UV-vis absorption spectra of AuNPs in different states are shown in Fig. S3 . The assembly process of NC-dots on the AuNPs does not influence the dispersion of the particles; the absorption peaks at about 519 nm in the absence (a) and presence (b) of NC-dots are almost identical. Also, the background absorbance between 600 and 700 increase only slightly after the assembly of NC-dots on AuNPs, and the color of the dispersed particle solution is like red wine. In the presence of AChE and ATI (curve d), NC-dots/AuNPs are aggregated, and the color of the solution turns to black. According to the UV spectra, the absorption peak at 519 nm disappeares, and a new peak at about 700 nm is observed. In the presence of AChE, ATI and paraoxon (curve c), the activity of AChE are inhibited and the peak at 519 nm reappears with decreasing the peak intensity at about 700 nm, and solution color turns to purple.
The fluorescence of NC-dots is quenched by AuNPs. Figure 3 shows fluorescence spectra of NC-dots (0.4575 mg/L) in pH 7.4 HEPES buffer in the presence of different amounts of AuNPs. Upon the addition of AuNPs, the fluorescence intensity of NC-dots decreases gradually due to the quenching process. More than 80% of the fluorescence at 455 nm is quenched when AuNPs (7.5 nmol/L) are added to the NC-dots solution. As shown in Fig. S4 , the emission spectrum of NC-dots overlaps with the absorbance spectrum of AuNPs to some extent, indicating a potential to produce efficient energy transfer, and the fluorescence quenching of NC-dots shows a FRET mechanism. The fluorescent of NC-dots is quenched by AuNPs.
To further confirm the interaction between NC-dots and AuNPs, TEM assays were performed. The results are displayed in Fig. 4 . As shown in Fig. 4A , AuNPs are spherical in shape with a smooth surface and in good dispersion. After mixing with NC-dots, AuNPs are still a dispersion system, but highresolution transmission electron microscopy (HRTEM) displays an impact "shell" on the surface of AuNPs (Fig. 4B) . Upon the addition of AChE and ATI, monodispersed NC-dots/AuNPs show a tendency of aggregation, and a large amount of AuNPs clusters appear, while NC-dots are desorbed from the AuNPs, and the "shell" structure on AuNPs disappears (Fig. 4C) . However, the aggregation of AuNPs and the desorption of NC-dots are prevented when paraoxon is added to inhibit the activity of AChE (Fig. 4D) . As shown in Fig. 4D , an impact NC-dots "shell" on the AuNPs surface appears again. These results are in agreement with the optical spectra and are accordant with the detection mechanism.
Analytical performances and possible mechanism of the biosensing system
Under the optimized conditions, the linear response range of the sensing system was measured. The fluorescence spectra of the NC-dots/AuNPs in the presence of AChE-ATI with different amounts of paraoxon under the optimum conditions are shown According to the principles of the biosensor, in the absence of paraoxon, the active AChE will generate a large amount of thiocholine to substitute the NC-dots on the AuNPs surface. In such a case, the fluorescence intensity will be the strongest. In the presence of paraoxon, the activity of AChE will be inhibited, and the amount of thiocholine is insufficient, so the fluorescence of the NC-dots could not be fully restored. Ideally, in this assay, the fluorescence will be gradually quenched with increasing the concentration of paraoxon. Nevertheless, this ideal state can only occur when the fluorescence change is entirely determined by the extent of thiocholine/NC-dots replacement on the AuNPs surface. In the actual reaction, the aggregation state of AuNPs was another important factor that would influence the fluorescence quenching, especially in the lower concentration range (1.0 × 10 -9 to 1.0 × 10 -6 g/L region). Incomplete inhibition would generate a large amount of thiocholine, which could not only replace the NC-dots on the AuNPs surface, but also trigger the aggregation of AuNPs. Within the lower concentration range, the color of the whole system was black or black-gray, and a red shift of absorption peak position could be observed compared with the un-aggregated AuNPs (Fig. S4) . Thus, the overlapping between the emission peak of the NC-dots and the absorption peak of the AuNPs was significantly decreased, leading to a weakened FRET effect, and the fluorescence could be partially restored.
Due to this fluorescence-recovery the interference of particle aggregation in the 10 -9 to 10 -6 g/L region, the overall fluorescent quenching efficiency of the biosensor dropped a lot. However, during the higher concentration range (10 -6 to 10 -4 g/L), the effective inhibition of the AChE generated only a small amount of thiocholine, and the fluorescent change was determined mainly by the extent of thiocholine/NC-dots replacement. Therefore, the response of the biosensor in the high-concentration range was much more sensitive than that of the low-concentration range. The concentration of paraoxon at about 10 -6 g/L was proved to be the turning point to evaluate the existence of fluorescent-recovery interference produced by particle aggregation.
In this assay, the paraoxon was firstly mixed with AChE for 20 min; then substrate, ATI and NC-dots/AuNPs were added, and left to react for 10 min before fluorescence detection. Since the reaction time was strictly controlled, another factor that could not be neglected was the catalytic reaction rate of the of the AChE. When the paraoxon concentration was lower than 10 -6 g/L, the inhibition was not sufficient, so, within 10 min most of the ATI molecules were catalyzed into thiocholine due to the good enzyme activity. However, the ΔF/F0 versus concentration change of paraoxon was not so significant. However, within the 10 -4 to 10 -6 g/L region, the activity of AChE was well suppressed, and a substantial excess of ATI over AchE emerged. In this case, the ΔF/F0 could obviously reflect the inhibition extent of AchE or concentration change of paraoxon. By combining these three factors, one can understand why there are two linear response regions for this biosensor, and why the slope obtained between 10 -4 to 10 -6 g/L is three-times more than the slope obtained in the 10 -9 to 10 -6 g/L region.
Anti-interference capability of the the system for paraoxon
In order to evaluate the specificity of the biosensor for the detection of paraoxon, some potentially common existing substances in food samples, such as NaCl, KCl, MgCl2, AlCl3, CaCl2, ZnCl2, glucose, glycine, L-glutathione, and vitamin C, were examined. Figure 6 shows the fluorescent responses of the biosensor in the absence of paraoxon (1) and in the presence of paraoxon for certain concentration that were mixed with different interferences (2 -12) . It is very clear that no obvious differences were observed when interfering substance were added. These metal ions and organic matter do not influence the Au-N and Au-S interaction, and have a negligible interfering effect on the paraoxon determination. Consequently, the results have clearly suggested that the NC-dots/AuNPs based fluorescence biosensor provided excellent specificity and antiinterference capability in paraoxon detection.
Analysis of paraoxon in spiked samples
To evaluate the practicality of the present method, the fluorescence assay has been applied to detect paraoxon level in apple juice. Certain amounts of paraoxon standard solution were directly spiked into the pretreated apple juice. The analytical results are given in Table 1 . The good recoveries ranging from 86.1 to 102% with an RSD of ranging from 14.0 to 18.2% definitely demonstrate the accuracy and reliability of the present fluorescence method for detecting paraoxon in practical applications.
Conclusions
In summary, a sensitive and selective FRET biosensor for paraoxon detection was developed based on the NC-dots/AuNPs nanoassembly. Compared with previously reported methods, this biosensor is simple and economic, and dose not need any complex synthesis and/or modification to form a stable NC-dots "shell" on a gold surface. Effective fluorescent quenching of NC-dots was obtained through the Au-N interaction. The fluorescent sensor showed excellent sensitivity and good selectivity over that of other disruptors for paraoxon detection with detection limits of 1.0 × 10 -9 g/L; 3.6 × 10 -12 mol/L). There were two linear response regions, 1.0 × 10 -4 to Fig. 6 Fluorescence intensity of NC-dots/AuNPs-ATI-AChE in the presence of paraoxon (3.0 × 10 -6 g/L) premixed with different disruptors (1.0 × 10 -4 g/L). 1, NC-dots/AuNPs-ATI-AChE; 2, control (NC-dots/AuNPs-ATI-AChE-paraoxon); 3 -12, NC-dots/AuNPs-ATI-AChE-paraoxon in the presence of disruptors (3, NaCl; 4, KCl; 5, MgCl2; 6, AlCl3; 7, CaCl2; 8, ZnCl2; 9, glucose; 10, glycine; 11, L-glutathione; 12, vitamin C). 1.0 × 10 -6 g/L and 1.0 × 10 -9 to 1.0 × 10 -6 g/L; the slope of the former is three-times more than that of the latter. Three factors, the extent of thiocholine/NC-dots replacement on AuNPs surface, the fluorescent-recovery interference produced by particle aggregation, and the catalytic reaction rate of the AChE, were discussed in detail in Supporting Information, so as to understand the different responsive mechanisms in the high and low-concentration ranges. This study provides a sensitive and rapid detection method for pesticide residues in agricultural products and clinical diagnosis assays.
